Objectives: To establish an experimental platform in Staphylococcus aureus for identifying genetic loci that determine intrinsic antibiotic susceptibility and/or that have the potential to contribute to acquired antibiotic resistance. A near-saturation S. aureus transposon (Tn) library was screened for mutants exhibiting altered susceptibility to the antistaphylococcal agents daptomycin, vancomycin and nisin.
Introduction
Studies in Gram-negative bacteria have revealed that genes across diverse functional categories participate in determining the level of intrinsic susceptibility to antibiotics. Collectively these genetic determinants comprise the intrinsic resistome. 1 The on-going delineation of this resistome is providing fundamental insights, both into antibiotic mode of action and into the bacterial response to inhibition. Moreover, since inhibition of the functions provided by resistome determinants leads to antibacterial hypersusceptibility, this knowledge may have a practical role by identifying targets for co-drug development to potentiate the activity of existing antibiotics. 2 In addition to genes that determine intrinsic susceptibility to antibacterial agents, the resistome includes genetic loci that, when subject to mutation or deregulation, can act to further reduce susceptibility to antibacterial agents; such determinants represent potential contributors to acquired antibiotic resistance. Despite the fact that many of these confer only modest reductions in antibacterial susceptibility, the accumulation of mutations in multiple such loci can lead to clinically significant reductions in drug susceptibility, as seen, for example, in intermediate glycopeptide resistance in Staphylococcus aureus. In the present study we sought to define genetic determinants participating in intrinsic susceptibility and acquired antibacterial resistance in the important human pathogen, S. aureus. Resistome studies in Gram-negative bacteria have commonly utilized defined collections of deletion or transposon (Tn) insertion mutants; unfortunately an equivalent, comprehensive set of defined mutants was not available in S. aureus. Instead, we undertook screening of a large, random Tn mutagenesis library to identify resistome determinants. We chose three antistaphylococcal agents for this study; the antibiotics daptomycin and vancomycin, and the lantibiotic nisin. Daptomycin and vancomycin were chosen because they are clinically important antibacterial drugs against which acquired resistance in clinical strains usually develops in a step-wise fashion, with multiple genetic loci participating in resistance. Furthermore, a number of genetic loci conferring hypersusceptibility and reduced susceptibility have already been reported for these agents, 3, 4 information that would enable us to judge the effectiveness of our screening approach for identifying resistome determinants. Although nisin is not used clinically, we included it in our study because it exhibits mechanistic overlap with daptomycin and vancomycin; it acts at the cell surface (like both daptomycin and vancomycin), binds lipid II (like vancomycin) and disrupts the staphylococcal membrane (like daptomycin). Furthermore, our current understanding of the molecular basis for staphylococcal resistance to nisin is incomplete. 5 
Materials and methods

S. aureus SH1000
6 was mutagenized by electroporation of InsTet G+ 2
Cm transposomes 7 to create a near-saturation library comprising 20500 transposants (manuscript in preparation). The entire library was screened by growing transposants overnight in 96-well microtitre plates containing Mueller-Hinton (MH) broth supplemented with 50 mg/L Ca 2+ and spotting 200 nL of these cultures onto selective (containing antibacterial agent) and non-selective MH agar using the Library Copier Tool (V&P Scientific, San Diego, CA, USA). Under these conditions, the MICs for daptomycin, vancomycin and nisin against SH1000 were 1, 2 and 32 mg/L, respectively. The concentrations of antibacterial agents used to identify transposants exhibiting hypersusceptibility or reduced susceptibility were individually optimized for daptomycin (2.5× and 0.5× MIC), vancomycin (1.5× and 0.5× MIC) and nisin (2× and 0.25× MIC) in pilot screens. Briefly, five 96-well microtitre plates containing independent transposants selected at random from the library and a single 96-well microtitre plate containing unmutagenized SH1000 in all wells were spotted onto a series of agar plates containing concentrations of each antibacterial agent ranging from less than to greater than the MIC. Antibacterial concentrations that identified approximately one to four mutants with altered susceptibility per 96-well microtitre plate of transposants, but no mutants for the SH1000 microtitre plate, were chosen for the full screen.
Screening of the entire library identified numerous transposants that appeared to exhibit either hypersusceptibility or reduced susceptibility to one or more of the antibacterial agents. Putative hypersusceptible (HS) transposants were only selected for further study if they completely failed to grow on selective agar; mutants exhibiting only partial attenuation of growth were not investigated. In addition, putative HS transposants were plated onto agar containing ciprofloxacin at 0.5× MIC for SH1000; mutants that were also ciprofloxacin HS were considered growth defective and were not characterized further. To confirm the phenotypes of transposants of interest, all were re-screened twice and then subjected to conventional agar MIC determinations according to CLSI methodology. 8 Tn insertion sites were mapped by direct sequencing from genomic DNA (Microsynth AG, Balgach, Switzerland), using oligonucleotide primer Tnp_out2 (5 ′ -GCTTGCATGCCTGCAGGTCGACTC).
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Genetic loci associated with altered drug susceptibility were in most cases identified in multiple, independent transposants, thereby providing evidence for an association between phenotype and genotype. For unique Tn insertions, evidence for this association was sought by demonstrating that F11 transduction 9 of the Tn insertion into a clean SH1000 background resulted in co-transfer of the phenotype.
Results and discussion
Transposants exhibiting hypersusceptibility to daptomycin, vancomycin or nisin were identified; mapping of the Tn insertion sites in these mutants revealed determinants of the intrinsic resistome (Table 1) . Cross-sensitization to all three antistaphylococcal agents was observed in transposants with Tn-mediated disruption of dltA or dltB, genes required for D-alanylation of wall teichoic acid (Table 1) . Increased bacterial susceptibility to vancomycin and to numerous cationic antimicrobial peptides has previously been associated with dlt disruption.
10 No transposants were recovered that exhibited hypersusceptibility to vancomycin without concomitant hypersusceptibility to the other agents.
Genetic loci participating in determining the intrinsic level of susceptibility to daptomycin were predominantly associated with structural/functional aspects of the cell envelope (Table 1) . Tn-mediated inactivation of the pgcA and gtaB genes that direct synthesis of diglucosyl-diacylglycerol (Glc 2 -DAG), the glycolipid that anchors lipoteichoic acid (LTA) to the staphylococcal membrane (Table 1) , led to a daptomycin HS phenotype. This may suggest that Glc 2 -DAG-tethered LTA ordinarily acts to limit in some way the action of daptomycin at the cell surface. Alternatively, since S. aureus defective in Glc 2 -DAG synthesis utilizes DAG to anchor LTA, 11 daptomycin hypersusceptibility in these strains might be the result of enhanced daptomycin action in the presence of this substitute LTA anchor molecule. Daptomycin hypersusceptibility also resulted from Tn-mediated 3 ′ truncation of ezrA, a gene encoding an essential component of the cell division machinery that acts to regulate FtsZ ring formation. The observation that changes in the divisome can lead to alterations in daptomycin susceptibility fits with the idea that daptomycin preferentially inserts into the staphylococcal membrane at the cell-division septum. 12 A daptomycin HS phenotype was also associated with Tn insertion upstream of SAOUHSC_00957, a gene encoding a putative toxic anion resistance protein with similarity to the TerC tellurium efflux pump in Escherichia coli. However, only a single transposant disrupted for SAOUHSC_ 00957 was recovered from our Tn library, and repeated attempts to transduce the Tn insertion into SH1000 were unsuccessful. Consequently further studies will be required to confirm a role for this gene in daptomycin hypersusceptibility. Disruption of the ribD/ribE genes of the riboflavin biosynthesis operon also led to daptomycin hypersusceptibility (Table 1) . We note that the rib operon may represent a responsive component of the daptomycin intrinsic resistome, since enhanced rib expression has been observed in an rpoB mutant with reduced daptomycin susceptibility. 13 However, it is not clear at this stage how altered riboflavin production might impact daptomycin susceptibility.
Although it is well established that reduced MprF-mediated lysinylation of membrane phosphatidylglycerol increases daptomycin susceptibility in staphylococci, 10 null mutants of mprF were not among the daptomycin HS transposants identified in Intrinsic and acquired resistance to antistaphylococcal agents 13 MICs were determined by standard agar susceptibility testing according to CLSI guidelines; 8 under these conditions, the DAP, VAN and NIS MICs for the parent strain SH1000 were 1, 1 and 16mg/L, respectively. our study. Subsequent studies with a strain lacking mprF (RN4220△mprF) established the reason for this; the absence of this gene did not lead to sufficient retardation of growth at 0.5× daptomycin MIC to satisfy the triage criteria of the screen (data not shown). This may also apply to other genetic loci that are known to impact susceptibility to vancomycin and/or daptomycin (e.g. graRS), but which were not detected in our screen. Reducing the stringency of the Tn library screen by altering the selecting concentrations of antibacterial agents might allow detection of these genes and other resistome determinants that exert only modest effects on antibacterial susceptibility.
JAC
Nisin hypersusceptibility was associated with Tn-mediated inactivation of the nisin susceptibility-associated sensor histidine kinase encoded by nsaS 5 and with disruption of two ABC-type antimicrobial peptide transport systems encoded by SAOUHSC_02953/4 and vraDE; all three of these functions have recently been linked to nisin susceptibility (Table 1) .
In addition to revealing determinants of the intrinsic staphylococcal resistome to daptomycin, vancomycin and nisin, genes with the potential to participate in reduced susceptibility to these agents were also identified. Transposants uniquely daptomycin-or vancomycin-resistant were not identified, only mutants exhibiting cross-resistance to both agents (Table 1) . This points towards an overlap in resistance mechanisms between the two drugs and reflects clinical observations of concomitant reduction in daptomycin and vancomycin susceptibility following vancomycin therapy.
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In the daptomycin-/ vancomycin-resistant transposants, Tn insertions were mapped to the start codon of rpsU and to two independent loci in the region upstream of the yycFG operon (Table 1) . A nucleotide substitution upstream of rpsU, which encodes a small ribosomal protein, has previously been detected in a mutant derived in vitro exhibiting reduced daptomycin susceptibility, 14 while a frameshift mutation in yycG and reduced YycF activity have been reported in an isolate associated with daptomycin treatment failure. 4 The yycFGHI locus is an essential global regulator impacting the expression of numerous genes associated with the cell wall/cell membrane, and has been described as a key effector of daptomycin resistance. 4 The impact of Tn insertion on rpsU and yycFG, and the precise role of these loci in reduced susceptibility to daptomycin, requires further study. Nevertheless, the identification of daptomycin-resistant transposants containing Tn insertions at these loci underlines the utility of Tn library screening in S. aureus to identify genes with resistance potential relevant to both laboratory and clinical situations.
While relatively few daptomycin-/vancomycin-resistant mutants were recovered in our screen, numerous transposants were identified that exhibited reduced susceptibility to nisin. These included mutants with Tn insertions in SAOUHSC_00228 and SAOUHSC_00762, both of which encode putative glycosyltransferases (Table 1) . Disruption of a putative alkaline phosphatase III (SAOUHSC_02958) and truncation of the ATP-binding protein encoded by SAOUHSC_02154 also conferred reduced nisin susceptibility. It is not clear at present how disruption of these loci might impact nisin susceptibility.
In summary, this study has successfully employed Tn mutagenesis and screening for identification of both established and novel modulators of the staphylococcal resistome for daptomycin, vancomycin and nisin. Further work will be required to establish exactly how the genes identified impact antibacterial susceptibility and to extend this analysis to other classes of antistaphylococcal agents. During the preparation of this manuscript an elegant study was published that employed genome-wide Tn disruption in S. aureus to determine antibacterial mode of action. 15 That study, and the work presented here, together reveal transposon mutagenesis as a powerful approach for studying both antibacterial action and resistance in S. aureus.
